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ABSTRACT: 

 Understanding the role of extracellular signals in extremely important for the 

development of tissue engineered models. For the transplantation of the tissue engineered 

models, there is need develop growth free approaches. These in vitro models will help in 

eliminating the immune rejection during transplantation. Alternatively, they will help in 

development of the personalized regenerative medicine for the patients. Thus, the present study 

deals with understanding the role of extracellular signals in tissue engineered models.  

In the first study, we developed silk fibroin protein and gelatin-based conjugated bioink, 

which showed localized presence and sustained release of calcium. This study generated 

unprecedented mechanistic insights on the role of fibroin-gelatin-CaCl2 bioink in modulating 

expression of several proteins which are known to play crucial role in bone regeneration as 

well as key signalling pathways such as β-catenin, BMP signalling pathway, Parathyroid 

hormone-dependent signalling pathway, Forkhead box O (FOXO) pathway, and Hippo 

pathways in hMSC-laden bioprinted constructs. 

In second study, we developed hybrid liver-specific three-dimensional (3D) printed 

scaffolds using a solubilized native decellularized liver (DCL) matrix and silk fibroin (SF) and 

investigated their ability to support functional cultures of hepatic cells. In comparison to 2D 

controls, hepatic cells cultured on 3D SG−DCL revealed increased proliferation until 2 weeks 

and an upregulated expression of hepatocyte markers, including asialoglycoprotein receptor 1 

(ASGR1). The Wnt pathway gene β-catenin was upregulated by more than 4-fold in 3D 

SG−DCL on day 3, while it showed a decline on day 7 as compared to 3D SG and also 2D 

controls. The expression of the epithelial cell adhesion molecule (EpCAM) was however lower 

in both 2D SG−DCL (2-fold) and 3D SG−DCL (2.5-fold) as compared to that in 2D controls. 

Immunofluorescence studies validated the protein expression of ASGR1 in 3D SG−DCL. 

Albumin (ALB) was not identified on SG scaffolds but prominently expressed in 3D SG−DCL 

constructs. In comparison to 2D SG, both ALB (1.8-fold) and urea (5-fold) were enhanced in 

cells cultured on 3D SG−DCL on day 7 of culture. Hence, the SG−DCL 3D printed scaffolds 

provide a conducive microenvironment for elevating differentiation and functions of hepatic 

cells possibly through an involvement of the Wnt/β-catenin signalling pathway. 

In third study, investigated the role of calcium supplementation in controlling 

macrophage phenotypes in pro-inflammatory and pre-reparative states. The involvement of 
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oxidative defence and mitochondria in cellular plasticity and the sequential M0 to M1 and M1 

to M2 transitions was observed after calcium supplementation. This study describe the 

molecular mechanism of reactive oxygen species signalling and drive the interconnected 

cellular plasticity of macrophages in the presence of calcium. Gene expression analysis, 

followed by immunostaining, revealed a relationship between MHC class II maturation and 

cellular plasticity. It helped to elucidate the role of controlled calcium supplementation under 

various conditions. These findings underscore the molecular mechanism of calcium-mediated 

immune induction and its favourable use in different biomaterials, which is of great 

significance for tissue regeneration. 

In fourth study, we examined the effect of paracrine factors secreted from the direct 

interaction of M2 macrophages and the 3D OA microcartilage model in the presence and 

absence of interleukins (IL). M2 macrophages stimulated the expression of collagen-2, matrix 

metalloproteinase (MMP)-1, and MMP-13 3D OA microcartilage models, indicating cartilage 

regeneration. This indicates that factors produced by M2 macrophages induce chondrocytes 

with anti-inflammatory and extracellular matrix (ECM) regeneration and remodelling 

properties, irrespective of exogenous ILs. Interestingly, the 3D OA microcartilage model de-

differentiated M2 macrophages into monocytes and M1 macrophages, indicating probable 

crosstalk between both cell types. Paracrine factors of M2 macrophages and chondrocytes also 

help in reversing the 3D OA microcartilage model to healthy articular cartilage by upregulating 

the production of collagen-2 and not into fibrous cartilage by downregulating the production 

of collagen-1.  

 

 

 

 

 

  



सार 

 
 ऊतक इजंीनियर मॉडल के निकास के नलए अत्यंत महत्िपूर्ण में बाह्य संकेतों की भनूमका को समझिा। ऊतक इजंीनियर मॉडल के 

प्रत्यारोपर् के नलए, निकास मकु्त दृनिकोर् निकनसत करि ेकी आिश्यकता ह।ै ये इि निट्रो मॉडल प्रत्यारोपर् के दौराि प्रनतरक्षा अस्िीकृनत को खत्म 

करि ेमें मदद करेंगे। िैकनपपक रूप से, िे रोनगयों के नलए व्यनक्तगत पुियोजी दिा के निकास में मदद करेंगे। इस प्रकार, ितणमाि अध्ययि ऊतक 

इजंीनियर मॉडल में बाह्य संकेतों की भनूमका को समझिे से संबंनित ह।ै 

 

 पहल ेअध्ययि में, हमिे नसपक फाइब्रोइि प्रोटीि और नजलेनटि-आिाररत संयुनममत बायोइकं निकनसत नकया, जो स्थािीय उपनस्थनत 

और कैनपियम की निरंतर ररहाई को दिाणता ह।ै इस अध्ययि िे कई प्रोटीिों की अनभव्यनक्त को संिोनित करि ेमें फाइब्रोइि-नजलेनटि-CaCl2 

बायोइकं की भनूमका पर अभतूपूिण यंत्रित अंतदृणनि उत्पन्ि की, जो हड्डी पुिजणिि में महत्िपूर्ण भनूमका निभाि ेके साथ-साथ β-कैटेनिि, बीएमपी 

नसमिनलंग मागण, पैराथाइरॉइड हामोि जैसे प्रमखु नसमिनलंग मागण में महत्िपूर्ण भनूमका निभाि ेके नलए जािे जाते हैं। -नडपेंडेंट नसमिनलंग पाथिे, फोकण हडे 

बॉक्स ओ (फॉक्सो) पाथि,े और नहप्पो पाथि ेएचएमएससी से लदी बायोनपं्रटेड कंस्ट्रक्िि में। 

 

 दसूरे अध्ययि में, हमि ेएक घलुििील देिी डीसेलुलराइज्ड लीिर (डीसीएल) मैनट्रक्स और नसपक फाइब्रोइि (एसएफ) का उपयोग 

करके हाइनब्रड लीिर-निनिि नत्र-आयामी (3D) मनुित मचाि निकनसत नकए और यकृत कोनिकाओ ंकी कायाणत्मक संस्कृनतयों का समथणि करिे 

की उिकी क्षमता की जांच की। 2D नियंत्रर्ों की तुलिा में, 3D एसजी−डीसीएल पर सुसंस्कृत यकृत कोनिकाओ ंिे 2 सप्ताह तक बढ ेहुए प्रसार 

और एनसआलोमलाइकोप्रोटीि ररसेप्टर 1 (एएसजीआर1) सनहत हपेेटोसाइट माकण रों की एक अपंजीकृत अनभव्यनक्त का खलुासा नकया। Wnt 

पाथिे जीि β-कैटेनिि को 3 नदि में 3D एसजी−डीसीएल में 4 गुिा से अनिक अपग्रेड नकया गया था, जबनक 3डी एसजी और 2डी नियंत्रर्ों 

की तुलिा में 7 नदि में नगरािट देखी गई। एनपथेनलयल सेल आसंजि अर् ु(EpCAM) की अनभव्यनक्त हालांनक 2D SG−DCL (2-गुिा) 

और 3D SG−DCL (2.5-गुिा) दोिों में 2D नियंत्रर्ों की तुलिा में कम थी। इम्यूिोफ्लोरेसेंस अध्ययिों िे 3D SG−DCL में 

ASGR1 की प्रोटीि अनभव्यनक्त को मान्य नकया। एप्यूनमि (ALB) की पहचाि SG मचािों पर िहीं की गई थी, लेनकि 3D SG−DCL 

निमाणर्ों में प्रमखुता से व्यक्त की गई थी। 2D SG की तुलिा में, ALB (1.8-गुिा) और यूररया (5-गुिा) दोिों को संस्कृनत के 7 नदि 3D 

SG−DCL पर संिनिणत कोनिकाओ ंमें बढाया गया था। इसनलए, SG−DCL 3D नपं्रटेड मचाि संभितः िित/β- कैटेनिि नसमिनलंग मागण 

की भागीदारी के माध्यम से यकृत कोनिकाओ ंके निभेदि और कायों को बढािे के नलए एक अिुकूल माइक्रोएन्िायरमेंट प्रदाि करते हैं। 

 तीसरे अध्ययि में, प्रो-इफं्लेमेटरी और प्री-ररपेरेनटि अिस्थाओ ंमें मैक्रोफेज फेिोटाइप को नियंनत्रत करि ेमें कैनपियम सप्लीमेंट की 

भनूमका की जांच की गई। कोनिकीय प्लानस्टनसटी में ऑक्सीडेनटि रक्षा और माइटोकॉनन्िया की भागीदारी और क्रनमक M0 से M1 और M1 

से M2 संक्रमर् कैनपियम पूरकता के बाद देखे गए। यह अध्ययि प्रनतनक्रयािील ऑक्सीजि प्रजानतयों के आर्निक तंत्र का िर्णि करता ह ैऔर 

कैनपियम की उपनस्थनत में मैक्रोफेज की परस्पर सेलुलर प्लानस्टनसटी को संकेत देता ह।ै जीि अनभव्यनक्त निशे्लषर्, उसके बाद प्रनतरक्षर् के बाद, 

एमएचसी िगण II की पररपक्िता और सेलुलर प्लानस्टनसटी के बीच एक संबंि का पता चला। इसि ेनिनभन्ि पररनस्थनतयों में नियंनत्रत कैनपियम 

पूरकता की भनूमका को स्पि करि ेमें मदद की। ये निष्कषण कैनपियम-मध्यस्थता प्रनतरक्षा प्रेरर् के आर्निक तंत्र और निनभन्ि बायोमैनटररयपस में 

इसके अिुकूल उपयोग को रेखांनकत करते हैं, जो ऊतक पुिजणिि के नलए बहुत महत्ि रखता ह।ै 

 

 चौथे अध्ययि में, हमिे इटंरपयूनकन्स (IL) की उपनस्थनत और अिुपनस्थनत में M2 मैक्रोफेज और 3D OA माइक्रोकानटणलेज 

मॉडल की सीिी बातचीत से स्रानित पैरासरीि कारकों के प्रभाि की जांच की। M2 मैक्रोफेज िे कोलेजि -2, मैनट्रक्स मेटालोप्रोटीिेज (MMP) 

-1, और MMP-13 3D OA माइक्रोकानटणलेज मॉडल की अनभव्यनक्त को प्रेररत नकया, जो उपानस्थ पुिजणिि का संकेत देता ह।ै यह इनंगत 

करता ह ैनक एम 2 मैक्रोफेज द्वारा उत्पानदत कारक बनहजाणत आईएल के बािजूद, निरोिी भड़काऊ और बाह्य मैनट्रक्स (ईसीएम) पुिजणिि और 

रीमॉडेनलंग गुर्ों के साथ चोंिोसाइट्स को प्रेररत करते हैं। नदलचस्प बात यह ह ै नक 3डी ओए माइक्रोकानटणलेज मॉडल िे एम2 मैक्रोफेज को 

मोिोसाइट्स और एम1 मैक्रोफेज में डी-निभेनदत नकया ह,ै जो दोिों प्रकार के सेल के बीच संभानित क्रॉसस्टॉक को दिाणता ह।ै M2 मैक्रोफेज और 

चोंिोसाइट्स के पैरासरीि कारक कोलेजि -2 के उत्पादि को बढाकर स्िस्थ आनटणकुलर कानटणलेज में 3D OA माइक्रोकानटणलेज मॉडल को उलटि े

में मदद करते हैं ि नक कोलेजि -1 के उत्पादि को कम करके रेिेदार उपानस्थ में। 
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Figure 3.1 

Decellularization, solubilization and characterization of the 

decellularized rat liver. a) Portal vein cannulation for perfusion of 

1% Triton‐X 100 with 0.1% Ammonium Hydroxide. b) Partially 

decellularized liver after 12 hours of processing. c) Completely 

decellularized liver after 24 hours. d) Dissolved liver tissue prepared 

in pepsin solution. 

Figure 3.2 

Structural parameters of the 3D scaffold. a) Top view of CAD 

model. b) Isometric view of CAD model. c) Representative image of 

the 3D printed scaffold. d) Microscopic image of the 3D printed 

scaffold. 
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Figure 3.3 

a. Histological (H&E) staining of the DCL showing presence of 

vascular network. b. DAPI staining of DCL matrix showed absence 

of nuclear materials. 

Figure 3.4 

Rheological characterization. a) Flow behavior of SG and SG-DCL 

at 22° C. b) Modulus behavior of 5% DCL. c) Modulus behavior of 

SG-1DCL. d) Modulus behavior of SG-5DCL. e) Modulus behavior 

of SG-10DCL. f) Modulus behavior of SG-Tyrosinase and g) 

Modulus behavior of SG-10DCL-Tyrosinase. Modulus behavior of 

all the solution was performed at a constant strain of 1%. All the 

rheological characterizations were carried out thrice and average 

value was plotted. 

Figure 3.5 FTIR spectra of DCL matrix, SG and SG-DCL. 

Figure 3.6 

Degradation of 3D printed SG and SG-DCL in PBS for 144 hours. 

A) Pictorial representation of the SG and SG-DCL scaffolds over a 

period of 144 hours. B) Graphical representation of the SG and SG-

DCL scaffolds over a period of 144 hours. 

Figure 3.7 
Swelling behaviour of the 3D printed SG and SG-DCL in PBS for 46 

hours. 

Figure 3.8 

(a) Microscopic images of Huh7 cells cultured on 2D films of both 

SG and SG-DCL at day 3 and 7. (b) Huh7 cells cultured on 3D 

printed scaffolds of both SG and SG-DCL at day 3 and 7. With the 

passage of time from day 0 to day 7, Huh cells tend to migrate from 

plate to SG or SG-DCL surface. 

Figure 3.9 

Fold change in absorbance values (570nm) as calculated by 

quantitative MTT analysis of cells plated on different scaffolds. Data 

is Mean + SD. ‘*’ indicates P<0.05 wrt 2D S-G (day 0), ‘#’ indicates 

P< 0.05 wrt 2D S-G at respective days. 

Figure 3.10 

Gene expression analysis of a) ASGR1, b) EpCAM c) β-catenin and 

d) Lgr5 for day 0, 3 and 7 on 2D film and 3D printed scaffolds both 

SG and SG-DCL (‘*’ for p< 0.05, ‘**’ for p< 0.001; p values have 

been calculated by comparing all groups with 2D SG at day 3, day 7 

and day 14 respectively). 

Figure 3.11 
a) Immunostaining of ASGR1 and ALB on 3D scaffold of SG and 

SG-dCL at day 7. Dot plots showing number of fluorescence signal 

Huh7 positive cells plated on SG and SG-DCL scaffolds  at day7 of 
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b) ASGR1 and c) Albumin. Quantification of cells was done using 

NIS-Elements software. 

Figure 3.12 

Liver function test for ALB and urea secretion for 2D films and 3D 

printed scaffolds of both SG and SG-DCL at day 3 and 7 (‘*’ for p< 

0.05, ‘**’ for p< 0.001; p values have been calculated by comparing 

all groups with 2D SG at day 3 and day 7 respectively). 

Figure 4.1 
MTT assay of THP-1 Monocytes after day 1, 2 and 3 of incubation 

in varied concentrations of Calcium ions. 

Figure 4.2 

Release profile of Nitric oxide, Antioxidants and Lipid peroxide 

from THP-1 Monocytes, THP-1 M0 Macrophages and THP-1 M2 

Macrophages after incubation in the presence of calcium ions for 1, 3 

and 7 days (**** represents significance at p < 0.0001, *** 

represents significance at p < 0.001, ** represents significance at p < 

0.01). 

Figure 4.3 

Mitochondrial biogenesis in THP-1 cells in absence and presence of 

extracellular calcium A) THP-1 Monocytes B) THP-1 M0 

Macrophages C) THP-1 M2 Macrophages 

Figure 4.4 

Quantified mitochondrial fluorescence intensity (**** represents 

significance at p < 0.0001, *** represents significance at p < 0.001 

and ns for not significant). 

Figure 4.5 

Lysosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium A) Lyso-Tracker in THP-1 Monocytes at day 1, 

3 and 7 compared to control 

Figure 4.6 

Lysosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium in THP-1 M0 Macrophages at day 1, 3 and 7 

compared to control 

Figure 4.7 

Lysosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium in THP-1 M2 Macrophages at day 1, 3 and 7 

compared to control 

Figure 4.8 

Lysosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium in THP-1 Monocytes, THP-1 M0 Macrophages 

and THP-1 M2 Macrophages at day 1, 3 and 7 compared to control 
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Figure 4.9 

Endosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium using ER-Tracker in THP-1 Monocytes at day 

1, 3 and 7 compared to control 

Figure 4.10 

Endosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium using ER-Tracker in THP-1 M0 Macrophages 

at day 1, 3 and 7 compared to control 

Figure 4.11 

Endosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium using ER-Tracker in THP-1 M2 Macrophages 

at day 1, 3 and 7 compared to control 

Figure 4.12 

Endosomal trafficking in THP-1 cells in absence and presence of 

extracellular calcium using RAB-11 in THP-1 Monocytes, THP-1 

M0 Macrophages and THP-1 M2 Macrophages at day 1, 3 and 7 

compared to control 

Figure 4.13 

Comparative gene expression analysis for THP-1 Monocytes, THP-1 

M0 Macrophages and THP-1 M2 Macrophages for the different 

surface markers (**** represents significance at p < 0.0001, ** 

represents significance at p < 0.01). 

Figure 5.1 

Representative phase-contrast images to show A) Morphology of 

healthy and OA chondrocytes proliferated in monolayer culture. B) 

Healthy and OA spheroids at day 4 and 12 of culture.  C) Depicting 

the interaction between OA chondrocytes spheroids and THP-1 M2 

Macrophages at day 2 and day 10. 

Figure 5.2 

STRING protein-protein expression during A) Chondrogenic 

differentiation in HC spheroids B) Phenotypic markers present on 

surface of THP-1 cells and C) Proteins synthesized by coculture of 

OAC + M2 in presence and absence of ILs. 

Figure 5.3 

Quantitative real time PCR to evaluate gene expression of (a) 

Collagen-2, (b) Collagen-1, (c) Collagen-10, (d) MMP-1 and (e) 

MMP-13 at day 3, 7 and 10 of HC, OA, OA + IL, OA + M2 and OA 

+ M2 + IL spheroids cultured in 96-well U bottom plates to evaluate 

the regeneration, de-differentiation, hypertrophy and matrix 

remodelling of human chondrocytes. Horizontal black dotted line 

indicates the expression of the control samples, i.e., HC day 3. 

Values are mean ± SD; n = 3/group. Symbol * indicates p < 0.05 and 

# for “not significant.” Data normalized 
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Figure 5.4 

Quantitative real time PCR to evaluate gene expression of (a) CD-14, 

(b) CD-36, (c) CD-68, (d) IL-4 and (e) IL-10 at day 3, 7 and 10 of 

HC, OA, OA + IL, OA + M2 and OA + M2 + IL spheroids cultured 

in 96-well U bottom plates to evaluate the phenotypic change in the 

M2 Macrophage. Horizontal black dotted line indicates the 

expression of the control samples, i.e., HC day 3. Values are mean ± 

SD; n = 3/group. Symbol * indicates p < 0.05 and # for “not 

significant.” Data normalized 

Figure 5.5 

Immunofluorescence analysis depicting the protein expression of 

collagen 2 at day 3 and 10 of HC, OA, OA + IL, OA + M2 and OA + 

M2 + IL spheroids cultured in 96-well U bottom plates 

Figure 5.6 

Immunofluorescence analysis depicting the protein expression of 

collagen 10 at day 3 and 10 of HC, OA, OA + IL, OA + M2 and OA 

+ M2 + IL spheroids cultured in 96-well U bottom plates 

Figure 5.7 

Immunofluorescence analysis depicting the morphological changes 

using CD-14, CD-68 and CD-163 in the M2 macrophages at day 3 

and 10 of OA + M2 and OA + M2 + IL spheroids cultured in 96-well 

U bottom plates 

Figure 5.8 

Determination of concentration of (A) Antioxidants and Lipid 

peroxidation of HC, OA, OA + IL, OA + M2 and OA + M2 + IL at 

day 3, 7 and 10. Values are mean ± SD; n = 3/group. 

Figure 5.9 
Confocal Microscopy depicting the protein expression of collagen 2 

and collagen 10 in 3D bioprinted constructs. 

Figure 5.10 

Confocal Microscopy depicting the morphological changes using 

CD-14, CD-68 and CD-163 in the M2 macrophages at day 3 and 10 

of OA + M2 and OA + M2 + IL 3D bioprinted constructs 
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